Nanodiamonds (NDs) represent a new class of carbon nanoparticles with unique physical and chemical properties. They are nanometer-sized carbon crystals with highly stable sp 3 carbon in the core and reactive sp 2 and amorphous carbons on the surface. The production of NDs is mainly from two methods, namely hightemperature/high-pressure (HTHP) synthesis and detonation method. The detonation method allows producing large quantities of NDs with low cost [1] . However, the detonation NDs normally provide single-digit nanometer sizes and form aggregation clusters in solution. The HTHP-synthesized NDs could be produced with different sizes ranging from a few nanometers to micrometers with highly crystalline structure [2]. A perfect diamond crystal is transparent to visible light. However, on rare occasions, natural diamond is found to display vivid color due to substitutional and vacancy defects in the lattice structure that are capable of absorbing and emitting visible light [3] . These defects could also be produced with synthetic NDs to obtain fluorescent NDs (FNDs) with desired optical properties. The most common and well-studied color center is the nitrogenvacancy (NV) center [4] that offers spin-dependent photoluminescence. The NV center is a point defect in the diamond lattice that consists of a substitutional nitrogen atom that is directly adjacent to a lattice vacancy (Figure Figure 1 ). The fluorescence from the NV center is independent of the size of the host diamond particles ( Figure Figure 1) , and it is extremely stable without bleaching or blinking, which even allows their long-term observation at the single particle level in live cells [5] . Therefore, FNDs are particularly attractive for bioimaging applications. In addition, both the ground and excited states of the NV center display unique spin states with remarkably long coherence (T 2 ) and relaxation times (T 1 ), which are particularly attractive for developing sensitive magnetic and electron spin sensing in biological samples [6] . Recent studies suggest that NDs offer promising biocompatibility particularly in comparison with other fluorescent nanoparticles consisting of metals [7] . Taking together all these attractive features, NDs have emerged as promising nanoparticles for biological applications ranging from drug delivery to biosensing and theranostics [8]. The recent developments in this field will be discussed in this chapter. 
carbon, which is compatible in live systems. In comparison to other carbon-based nanomaterials, for example, fullerenes and carbon nanotubes, NDs are considered one of the most biocompatible forms since they consist of sp 3 carbon, which is relatively unreactive. The biocompatibility of NDs has been tested both in vitro in cell lines and in vivo in animal models. Most of these experiments gave positive results [7, 9] , while some reports also indicated potential risks [10] . Notably, their biocompatibility seemed to depend on the properties of the ND material, such as size, surface functionalities and concentrations. Therefore, the data from a particular experiment can only indicate the biocompatibility of a certain type of NDs. Optimization of the production and purification methods as well as surface functionalization could further improve the biocompatibility of ND materials.
In Vitro Biocompatibility Evaluation of NDs
Many in vitro cytotoxicity studies suggest that in comparison to other nanomaterials such as carbon nanotubes, semiconductor or metal particles, NDs represent the most biocompatible materials with no cytotoxicity to different cell lines [7, 9] c, d]. Schrand et al. [9] d] compared the biocompatibility of different carbon nanomaterials in aqueous suspensions, such as detonation NDs, single-and multi-walled carbon nanotubes (SWNTs and MWNTs) and carbon black (CB), in both neuronal and lung cell lines at concentrations ranging from 25 to 100 μg/mL for 24 h. The biocompatibility was evaluated with regard to the morphological and subcellular effects of these nanomaterials on mitochondrial membrane permeability and reactive oxygen species generation [9] d]. The greatest biocompatibility was found after incubation with NDs and both cell types followed the trend: ND > CB > MWNT > SWNT [9] d]. In another study [7] , they have also shown that NDs with different surface functionalities, such as -COOH, -COO -Na + , -SO 3 -Na + , are equally nontoxic in different cell lines, including even neuroblastoma and macrophages, which are normally much more sensitive to chemical reagents. Notably, in these experiments detonation NDs with sizes ranging from 2 to 10 nm were applied that are known to form aggregates in blood circulation and they do not exist as individual particles [11] . In another study, Liu et al.
[9]c] tested carboxylated NDs (cNDs) with 5 and 100 nm sizes and also compared their toxicity with carbon nanotubes [12] . They found that nanotubes induced cytotoxicity in human lung cells. However, treatment with NDs of both sizes did not induce cell death and apoptosis, although cND particles were retained in lung cells. Furthermore, cNDs did not alter the protein expression profile in these cells [12] . The 100 nm cNDs were taken into cells by macropinocytosis and clathrin-mediated endocytosis pathways. Even after long-term cell culture for 10 days in both A549 lung cancer cells and 3T3-L1 embryonic fibroblasts, no toxicity was observed. Cell division into two daughter cells was unaffected by the presence of cNDs. Finally, the cells retained NDs in the cytoplasm after cultivation for several generations without interfering with gene or protein expression on the regulation of cell cycle progression and adipogenic differentiation [12] . However, genotoxicity studies of detonation NDs with embryonic stem cells indicated that NDs induce slightly increased expression of DNA repair proteins (p53 and MOGG-1) and the oxidized NDs might cause more DNA damage than the pristine NDs. Though compared to other carbon nanomaterials such as nanotubes, the DNA damage caused by NDs is considered less severe [10]a].
In Vivo Biocompatibility Evaluation of NDs
A few studies have also investigated NDs in living animal models, such as in rats and Caenorhabditis elegans (C. elegans) [9]a, b]. The long-term stability and biocompatibility of 100 nm FNDs in rats through intraperitoneal injection was investigated over 5 months. Histopathological analysis of various tissues and organs indicated that FNDs are nontoxic even at very high dosing of up to 75 mg/kg body weight. The measurements of water and fodder consumption, body weight, and organ index also revealed no significant differences between the control and FND-treated groups [9]a]. Another study reported long-term in vivo imaging of FNDs (0-10 nm) in C. elegans by either feeding them with a colloidal FND solution or microinjecting an FND suspension into the gonads of the worms [9]b]. On feeding, bare FNDs remained in the intestinal lumen, while FNDs conjugated with biomolecules (such as dextran and bovine serum albumin) were absorbed into the intestinal cells. On microinjection, FNDs were dispersed in the gonads and delivered to the embryos and eventually into the hatched larvae of the next generation. The toxicity assessments, performed by employing longevity and reproductive potential as physiological indicators and measuring stress responses with use of reporter genes, suggested that FNDs are stable and nontoxic and do not cause any detectable stress to the worms [9]b]. Therefore, the combination of many attractive features such as biocompatibility and high chemical and photophysical stability points to a promising applicability of NDs as contrast agents for long-term in vivo imaging.
Similar as other nanomaterials, one potential risk of NDs could be the long-time accumulation in liver, spleen and lung due to slow excretion rates [10]b]. However, based on the thus far observed low toxicity, ad-ministration of NDs in vivo with small dosage is still promising. In addition, NDs of different sizes, surface modifications and administration routes will most likely also have an impact on their biodistribution. Therefore, by tuning the size distribution, enhancing the colloidal stability and optimizing the surface functionalities, the in vivo performance of NDs could be improved and adjusted to the respective in vivo requirements.
Surface Coating for Improving ND Stability and Biocompatibility in Biological Environments
The raw, as-synthesized NDs easily form aggregates especially in biological media due to their large surface to volume ratio, which could be one reason for long-term toxicity [11] . Although direct treatment of NDs surface, for example, oxidation, could improve the colloidal stability in aqueous solution [13] , coating NDs with a biocompatible shell, such as a polymer shell, is still the most efficient strategy to avoid aggregation in complicated biological environments. With different properties of the coating materials, the biocompatibility and biodistribution of NDs could also be flexibly optimized. The coating of NDs could be achieved by covalent conjugation or non-covalent interaction. In addition, a silica shell could also be grown outside NDs to change their surface properties. A direct comparison of these approaches is given below.
Covalent Coating of NDs
The sp 2 carbon on the ND surface could be oxidized to impart functional groups such as hydroxyl groups and carboxylic acid groups. Thus, polymers could be directly attached to these functionalities to form a protecting outer shell. Polyethylene glycol (PEG) is one of the most widely used polymers for this purpose, including linear PEG, branched PEG and polyglycerol, which is known to provide a highly hydrated shell with low immunogenicity and low plasma protein adsorption [14] . The conjugation of PEG and its derivatives to NDs could be achieved by both "grafting to" and "grafting from" strategies [15] ( Figure Figure 2 (a)). The "grafting to" method allows fast conjugation of different types of PEG-like polymers directly on the surface functional groups of NDs (e.g., carboxylic acid groups) and the polymer length could be rationally selected and well characterized before conjugating to NDs. The limitation of this method is a relatively low polymer density, which might result in insufficient protection of the inner ND core. For instance, PEG4000 was conjugated to NDs by the "grafting to" strategy, which could reduce the high tendency for aggregation of pristine ND and small clusters were obtained in phosphate buffered saline (PBS) and cell culture medium [15] b]. However, the coated NDs still precipitated from aqueous solution after some time [15]a] ( Figure Figure 2(b) ). To achieve even more stable polymer coatings, the "grafting from" strategy turned out beneficial to obtain a denser shell. By atom transfer radical polymerization, a poly(PEG methyl ether methacrylate) layer could be grown on NDs. The resulting NDs were much more stable in organic and aqueous solution with negligible precipitation after 22 h [15]a] ( Figure Figure 2(b) ). Polyglycerol could also be grafted on NDs via ring opening polymerization [16] . The coated NDs are highly stable in aqueous condition, which allows size exclusion purification to achieve really narrowly distributed NDs. The purified NDs appeared as single particles on transmission electron microscope (TEM) without aggregations. Due to the high number of hydroxyl groups on the polyglycerol layer, these NDs could be easily functionalized with desired functional entities, such as anticancer drugs [15]c]. Drug delivery applications will be discussed in later sections. Another special type of "grafting from" strategy is based on the biomimetic dopamine self-polymerization. Dopamine [17] ( Figure Figure 2 (c)), chemically known as 4-(2-aminoethyl)benzene-1,2-diol, is one of the crucial catechol amine neurotransmitters that is widely distributed in mammalian brain tissues. In addition, it is also a biomimetic anchor for the functionalization of surfaces due to its self-polymerization nature under oxidative condition. The hydroxyl group on ND surface could be covalently reacted with dopamine during their self-polymerization process, thus resulting in a stable covalent coating of dopamine polymer on ND. By using dopamine derivatives with functional groups, this method could be a simple and a versatile strategy to functionalize ND surfaces with hydroxyl groups, azide groups and even poly-N-isopropylacrylamide [17] . 
Non-covalent Coating of NDs
NDs could also be coated by non-covalent interactions, which is the primary method to bring a protein coating onto NDs. It has been demonstrated that NDs, after oxidization in strong acid, could have very high affinity to various types of proteins, such as cytochrome c, myoglobin and albumin [18] . This is an integrated result from electrostatic forces, hydrogen bonding and hydrophobic interactions. In this way, NDs could absorb a layer of bovine serum albumin (BSA) or a-lactalbumin [18] . The stimulated emission depletion (STED) microscopy has shown that the albumin-coated NDs could be taken up into cells and homogeneously distributed without aggregation inside live cells [19] . However, the major limitation of non-covalent absorption is the stability of the coated layer, especially in complicated environments. Introducing multivalent interactions might be a possibility to overcome this limitation. For instance, the highly positively charged polyelectrolyte polyethyleneimine (PEI) could interact strongly with negatively charged NDs to form a stable complex for gene delivery [20] . However, the random electrostatic interaction between PEI and NDs creates inhomogeneous clusters instead of coating of single particles. Recently, an innovative concept based on a multivalent polymer [21a] as well as polypeptide biopolymer coating derived from the human blood plasma protein albumin was proposed [21] b] ( Figure Figure 3(a) ). The biopolymer was obtained after unfolding native serum albumin in urea and in situ attachment of PEG to the thiol groups reduced from disulfide bridges [22] ( Figure Figure 3(a) ). All the carboxylic acid groups from native albumin were converted to primary amine groups in this biopolymer, thus allowing efficient multivalent electrostatic interactions with the negatively charged ND surface. The PEG side chains decrease aggregations of the particles. Therefore, NDs coated by this biopolymer were found to be extraordinarily stable inside different kinds of aqueous buffers, including PBS, cell culture medium and even 1 M NaCl solution 
Silica Coating
Another strategy to functionalize ND surface focuses on growing an inorganic shell. For instance, NDs could be encapsulated with a silica shell by either direct silica shell growth from an ND core or by liposome-based encapsulation processes [23] (Figure Figure 4) . Cigler et al. demonstrated a multiple layer coating method to cover NDs with a first silica shell layer, a second layer of thin cross-linked aminopropyl-silica shell and a third layer of PEG with ethynyl end groups ( Figure Figure 4 (b)). By this method, the obtained NDs are stable over a broad pH range (pH 2-10) and even in 1 M NaCl and cell culture medium [24] . This method also provides a high density of ethynyl functional groups on the surface that could allow efficient click reaction to achieve more than 2,000 dyes or peptides on an individual ND. Similarly, if the first layer of the silica shell contains methacrylate, the second layer could also be a polymeric layer by direct in situ radical polymerization [25] . In addition, a liposome-based method was reported by Neuman et al. [23] to decorate NDs with a silica shell ( Figure Figure  4 (a)). The liposomes help to select for a desired size of particles, thus producing nearly monodispersed particles after coating that is independent of the surface properties of original NDs [23] . The silica shell imparts an anionic character and stable, monodispersed NDs were achieved over a relevant working pH range (pH = 5-8), particularly in the pH range above 3, where the strong negative zeta potential (−35 mV) allowed the particles to have strong electron repulsion, thus obtaining high colloidal stability [23] . 
Functionalization of NDs with Biomolecules
To advance the biological applications of NDs, another essential step is to attach biomolecules of interest onto NDs. Several methods to attach biomolecules, such as proteins and DNAs, to NDs for protein delivery, gene delivery and biosensing have been already reported, which will be discussed in this section.
Introduction of Proteins onto NDs
The most straightforward method to attach proteins onto NDs is physical adsorption. The large surface to volume ratio allows efficient adsorption of proteins. In addition, the functional groups at the ND surfaces, such as hydroxyl groups and carboxyl groups, could also provide electrostatic interactions and hydrogen binding with proteins. By integration of all these effects, the physical adsorption of proteins on NDs could be sufficiently stable for many desirable applications such as protein delivery, cell targeting and sensing. For instance, the therapeutic protein insulin was adsorbed to detonation NDs, thus forming insulin-ND complexes [26] . The adsorbed insulin could also be released under alkaline conditions [26] . Cell viability assays and real-time polymerase chain reaction quantifying the expression of Ins1 and Csf3/G-csf gene revealed that ND-bound insulin remained inactive while the desorbed insulin could recover their activity [26] . These results suggest great potential of NDs as facile platform for protein delivery. The HTHP NDs with average sizes of around 100 nm could also adsorb proteins through the interplay of electrostatic forces, hydrogen bonding and hydrophobic interactions [27] . By adsorbing different proteins, the modified NDs could be taken up selectively by a specific cell type for targeted cell imaging [27] . The physical adsorption approach has also facilitated sensing of proteins. For instance, ferritin was adsorbed on NDs with stable NV centers. Using the magnetosensing techniques with NV centers (see Section 8.5.2), the iron concentration inside the ferritin could be detected without damaging the protein cage [28] . However, to achieve more stable and specific binding of proteins to NDs, covalent conjugation is still a more reliable strategy in comparison to physical adsorption. By direct functionalization of NDs with different functional groups, proteins could be covalently conjugated to ND surfaces [8]c, [29] . For instance, thiolated antibodies could be conjugated to thiol-reactive N-succinimidyl 3-(2-pyridyldithio) propionate (SPDP)-modified NDs [30] . However, it should be noted that direct chemical modification of NDs often leads to agglomeration. If well-dispersed individual ND particles are desired, it is necessary to conjugate the proteins on polymer-coated NDs. For instance, NDs could be first coupled with functionalized PEG, which could on the one hand impart improved stability of the NDs and, on the other hand, allow easy conjugation of proteins. Streptavidin was conjugated to the functionalized PEG to further serve as an adaptor. Thus, commercially available biotinylated antibodies could be quickly labeled onto these NDs for immunostaining [27] . Notably, even if PEG linker is used, small amounts of agglomeration are still difficult to avoid. It was necessary to perform the labeling experiment with inversed cell culture to avoid deposition of such aggregates on the cell surface [27] . The coating strategies discussed above could provide novel opportunities to achieve more stable protein functionalized NDs, which still need to be further tested.
Modification of DNA on NDs
In comparison to the preparation of protein-modified NDs, it is even more challenge to prepare DNAfunctionalized NDs with high colloidal stabilities. For some applications, such as gene delivery or drug delivery, controlled small agglomeration is not problematic. In these cases, the modification of NDs with DNA molecules could also be achieved by simply physical adsorption or direct covalent conjugation. For instance, highly positively charged polymer PEI was coated onto acid-treated NDs via electrostatic interaction to cover the NDs with high density of positive charges. Thus, negatively charged DNA plasmids formed dense complexes with PEI-coated NDs, which have shown high gene transfection efficiency with relatively low cytotoxicity [20] . Thiolated synthetic ssDNA was also covalently conjugated to SPDP-modified NDs similarly for protein conjugation [30] . However, both methods do not allow producing NDs with sufficient colloidal stability for advanced biosensing applications, where individual ND particles are preferred.
Recently, following the biopolymer coating strategy introduced above, highly stable NDs functionalized with DNA were achieved [31] (Figure Figure 5 ). Biotinylated PEG was used as biopolymer side chains, which formed a biotin-functionalized shell on coated NDs. Thus, the streptavidin adaptor could be assembled on the NDs, which allowed easy conjugation of biotinylated ssDNA. Since the biopolymer coating is highly stable with excellent water solubility, single ND particles were found even after all these functionalization steps [31] . This achievement is particularly important for producing high-quality biofunctionalized NDs for NV center-based high-resolution sensing techniques. 
Self-Assembled NDs on Bionanostructures
One unique application of protein-and DNA-conjugated NDs is to prepare defined self-assembled ND arrays on bionanostructures. Periodic arrangements of NDs with NV centers are an essential and highly challenging step toward efficient quantum information processing, quantum simulation and quantum sensing applications [32] . To achieve this goal, a novel approach was developed recently based on the self-assembling capabilities of biological systems. Techniques from bionanotechnology exploit the self-assembling behavior of special designed protein and DNA to produce periodical structures with nanometer spatial resolution. Through the conjugation techniques available for connecting NDs with protein and DNA building blocks, one could incorporate NDs onto these bionanostructures to achieve a defined nanoarray. One example is the formation of small ND arrays on SP1 protein variant (Stable Protein 1, Figure Figure 5(a) ), which could form numerous dimers and trimers along with large ordered structures such as a seven ND hexagon [32] . The emerging technique of DNA origami based on programmed folding of single-stranded DNA molecules allows creating even more complex structures ranging from periodic arrays to three-dimensional (3D) architectures [33] (Figure Figure 5(b) ). This offers an ideal platform to assemble ND arrays with flexible distance and sophisticated nanostructures. To assemble NDs onto DNA origami particularly requires DNA functionalized NDs with high colloidal stability even under high ionic strength. The biopolymer coating strategy discussed above provides an ideal method to achieve DNA functionalized NDs sufficient for preparing NDs on DNA origami. It has been demonstrated that with this method, NDs could be self-assembled on DNA origami in predefined one-dimensional, twodimensional (2D) and 3D geometries and defined distance [31] (Figure Figure 5(b) ). These assemblies provide unique tools for studying self-assembled NV center spin lattices or plasmon-enhanced spin sensors as well as improving fluorescence labeling for bioimaging.
ND for Drug delivery
One major biological application of NDs is serving as drug delivery nanocarrier. ND-based drug delivery systems receive an increasing recognition due to their unique combination of promising biocompatibility and attractive optical properties. The highly stable emission of FNDs without bleaching and blinking enables longtime monitoring of the drug delivery process and drug release from the carrier. Therefore, using FNDs as nanomedicine platform for drug delivery into cancer cells and tissue would allow combining fluorescencebased tumor diagnostic and cancer therapy within one particle, which is essential for the evolving new concepts of "theranostic" (a portmanteau of therapeutics and diagnostics). The different strategies to achieve drug delivery with NDs will be discussed in this section.
Drug Delivery with Detonation ND Clusters
The first generation of ND-drug delivery systems has been prepared by simply absorbing mainly lipophilic drug molecules onto the ND surface [34] . These ND-drug complexes comprised of about 4-6 nm primary detonation ND particles clustered in solution into 100-200 nm aggregates, which can substantially absorb drug molecules and significantly enhance their blood circulation half-life and tumor retention [34, 35] . Dean Ho's group has done intensive studies with this strategy. They investigated the absorption of hydrophobic anticancer drugs such as DOX [34, 35] , purvalanol A, 4-hydroxytamoxifen [36] and mitoxantrone (MTX) [37] , antiinflammatory drug dexamethasone [37] and the diabetes drug insulin [26] onto the ND complexes. Delivering anticancer drugs with ND complexes was found to be able to circumvent drug resistance. A major mechanism for drug resistance is that the cells pump drugs out through ATP-binding cassette (ABC) transporters. (Figure Figure 6 ). The reason for the advantages of ND-DOX complex over free DOX is proposed to be the gradual release of the drug from NDs, which allows for slow drug release over a long time to maintain the free DOX concentration below a toxic level to normal tissues. The simple absorption strategy is high throughput and universal to different types of therapeutics independent of their structure. However, the complexes are not really stable inside blood plasma and the nonspecific drug release is always difficult to avoid. Therefore, covalent linking of drug molecules to the detonation ND clusters was also investigated. By 1-Ethyl-3-(3-dimethylaminopropyl)-carbodiimide/N-Hydroxysuccinimide (EDC/NHS) coupling, DOX and cell penetration peptide TAT could be directly conjugated to the carboxylic acid groups on ND surface to enhance penetration of cell membrane [38] . PTX [39] has also been conjugated to the hydroxyl groups on NDs to avoid dissociation process. The activity of covalently linked PTX was maintained as shown by inducing mitotic arrest, apoptosis and anti-tumorigenesis of human lung cancer cells in xenograft severe combined immunodeficiency (SCID) mice. However, the mechanism of PTX release is unclear in this case. Dean Ho et al. [30] have reported a more sophisticated strategy to attach fluorescently labeled paclitaxel (PTX)-DNA conjugates and anti-EGFR antibody onto the ND surface. The PTX-DNA conjugates were covalently attached to ND surface via a disulfide linker, which allowed controlled drug release only under reducing condition. They have shown that these complexes could be efficiently taken up into epidermal growth factor receptor (EGFR) overexpressing cell lines and exhibited efficient therapeutic efficacy which was twofold increased comparing to nontargeted ND delivery system.
Drug Delivery with Polymer-Modified NDs
Although covalent linking of drug molecules could reduce drug leakage, the complex formation by random aggregation of the extremely small denotation ND particles is still an uncontrolled process, thus the clusters may not be stable during circulation. In addition, the NV centers in these small NDs are not stable; therefore, their optical property is not sufficient for high-quality bioimaging. Milling HPHT diamond could obtain more stable ND particles with sizes ranging from tens to hundreds of nanometers. Using single NDs as drug delivery carrier instead of their uncontrolled clusters is a strategy to achieve a well-defined drug delivery system. In addition, they could have multiple very stable NV centers, which are particularly attractive to develop as theranostic agents that combine drug therapy and diagnostic imaging in one particle. However, the bare NDs tend to form aggregations in the biological environment; therefore, single ND-based drug delivery normally requires a polymer coating on the ND surface as discussed in Section 8.3. For instance, polyglycerol-coated NDs with average size of 50 nm could be conjugated with Pt-based anticancer drug via pH-responsive linker [15]c]. As discussed earlier, ND coated with polyglycerol exhibits good solubility in a physiological environment and also provides a large number of hydroxyl groups that could be conjugated with drugs as well as Arg-Gly-Asp (RGD) peptide for tumor cell targeting. In vitro experiments showed that the Pt-RGD-conjugated NDs could be taken up by U87MG cells and induced high toxicity, but no uptake and toxicity effect was observed with HeLa cells, revealing the high targeting efficacy. The stable NV centers in these NDs allow fluorescence imaging of the drug delivery process in cells by confocal microscopy. Notably, the Pt complex is a water-soluble anticancer drug that will not reduce the solubility of drug-loaded NDs. To achieve high colloidal stability of NDs even after loading hydrophobic drugs still remains a key challenge since lipophilic groups at the ND surface usually promote the formation of larger aggregates [36] . Uncontrolled aggregation of nanoparticles has been connected with unexpected cell toxicities and the prevention of clogging capillary blood vessels is a critical concern for clinical development of nanomaterials [40] .
Recently, the Figure Figure 3) . A defined number of DOX molecules could be conjugated onto the functional groups on the biopolymer before coating with NDs, thus the DOX-loading process could be precisely controlled and well characterized. Particularly, NDs coated with the DOX-loaded biopolymer are still highly stable without any aggregation under all physiological conditions tested ( Figure Figure 3(c) ). The biopolymer-coated NDs showed efficient cell uptake and excellent biocompatibility. Since high numbers of DOX molecules were linked to NDs by an acid-cleavable linker, they could be efficiently transported and released inside cancer cells [21] b] ( Figure Figure 7(e) ). They have also demonstrated the theranostic potential of this system by using FNDs with NV centers. The intracellular distribution of NDs and DOX was resolved in live cells by recording the fluorescence spectra of NDs and DOX in different cellular compartments [21] b] ( Figure Figure 7(a-c) ). Significant amounts of DOX were released from ND carriers and distributed inside the cytoplasm and the nucleus, whereas the ND carriers remained entrapped inside endosomal [21] b] ( Figure Figure 7(a-c) ). The antitumor efficacy was shown with in vitro cellular experiment as well as with chicken embryo models. The DOX-loaded NDs were found to have similar IC 50 in comparison to free DOX in cellular experiments, but shown more efficient tumor inhibition in chicken embryo models due to tumor accumulation after longer blood circulation time [21] b] ( Figure Figure 7(d) ). This strategy could be particularly attractive for developing multimodal NDs combining therapy and imaging potential in one particle for the emerging concept of "theranostics." 
NDs for Imaging and Biosensing
The biocompatibility evaluation of NDs and their drug delivery studies supports the promising potential of using NDs in living biological systems. In addition, the unique fluorescence properties and electromagnetic properties of NV centers make NDs particularly attractive for biosensing. The fluorescence from NV centers is in the near-infrared region with extremely high photostability and sufficiently long lifetime, which makes them one of the best fluorescence labels for high-resolution fluorescence imaging. In addition, the ground and the excited states of the NV center display zero-field magnetic resonances at 2.88 and 1.42 GHz, respectively. Such magnetic resonance occurs between the m s = 0 and the m s = ±1 magnetic states of an electronic spin triplet ( Figure Figure 8 ). This electron spin exhibits remarkably long coherence (T 2 ) and relaxation times (T 1 ), which can reach milliseconds in ultrapure diamond [6] . With a concept of single-molecule optically detected magnetic resonance [41] , the electronic spin state of even a single NV center can be detected by means of electron spin state-dependent light scattering that discriminates between the m s = 0 and the m s = ±1 states [42] . These unique properties of NDs offer great potential to develop the smallest magnetosensing probes for detecting the tiniest of magnetic fields in vitro and in vivo. Moreover, the electron spin triplet to the m s = 0 state could be hyperpolarized by optical pumping even at room temperature, and this hyperpolarization could be transferred to nuclear spins leading to potential applications in magnetic resonance imaging. Combining these advantages together with the great biocompatibility, NDs have great potential to serve as noninvasive nanosensors for studying the structure of biomolecules and monitoring biological reactions even inside living organisms. Although this field is just emerging, several successful examples have already been demonstrated and indicated the prospective of ND quantum sensors, which will be discussed in this section. 
Fluorescence Imaging with NDs
NDs are emerging as efficient and safe candidates for fluorescent cellular imaging due to their bright fluorescence in the near-infrared region, high photostability with sufficiently long lifetime and excellent biocompatibility. Several studies have investigated FNDs as biomarker for in vitro and in vivo imaging. For instance, ND could serve as fluorescent marker to label biomolecules such as protein. ND-labeled transferrin was imaged by confocal fluorescence microscopy to confirm the receptor-mediated uptake into HeLa cells [43] . Actin and mitochondrial antibody-conjugated NDs were able to label actin and mitochondria in HeLa cells, suggesting the potential of NDs for imaging specific cellular structures [44] . The protein-conjugated NDs were found to exhibit negligible changes with respect to the fluorescence spectra and lifetimes [43] . Moreover, Mohan et al. Figure Figure 9 ) by differential interference and wide-field epifluorescence microscopic images. The bare NDs were found in the lumen of the worm without intestinal absorption even after 12 h and were fast excreted when the worms were fed Escherichia coli. In contrast, albumin-conjugated NDs were taken up by the intestinal cells of the worm and remained there for 24 h, despite E. coli feeding. This result indicated that surface functionalization could significantly alter the in vivo fate of NDs. Albumin coating is known to improve the colloidal stability of NDs as discussed in Section 8.3. The enhanced dispersibility of the NDs was believed to be the reason for enhanced cellular uptake. In this study, no photobleaching or photoblinking of NDs was observed even after 48 h of continuous laser excitation, indicating the great potential of FNDs for long-term bioimaging in vivo. Furthermore, the high-resolution fluorescence microscopy developed during the past two decades nowadays provides ultimate sensitivity of detection beyond the limits imposed by the diffraction of light. The fluorophores for superresolution imaging techniques are required to be completely photostable without bleaching after long time and strong illumination. Therefore, NDs are particularly attractive for single molecular imaging with these newly developed superresolution fluorescent microscopy. For instance, STED microscopy could image individual NV center in diamond crystals and map the 3D distribution of NV centers with resolution down to 6 nm [45] . Using STED microscopy, single NDs could be tracked in live cells with resolution down to 39 nm [19] . Notably, for such high-resolution fluorescence imaging, coated NDs with good dispersity without aggregation are particularly critical.
NDs as Nanoscale Magnetometer
The emission signal from an NV center of NDs is not only attractive for fluorescence imaging, but can also be developed as a magnetometer. As shown in Figure Figure 8 , the ground-state spin triplet of NV centers can be coherently manipulated using microwave pulses (spin echo) and efficiently initialized and detected by means of laser illumination. Thus, the energy of spin levels of individual NV centers could serve as fingerprints, allowing identification and tracking of ND particles with identical fluorescence. By this way, individual FNDs could be detected inside living cells with nanoscale precision with regard to their location, orientation, spin levels and spin coherence times [46] .
In addition, the triplet ground state of the NV center is sensitive to the changes in the local environment, which could be detected by monitoring decoherence rates. This might provide unique insights into intracellular processes. For instance, ND could be developed as a sensitive nanoscale thermometry [47] . The transition frequency from the singlet ground state to triplet ground state ( Figure Figure 8 ) has a temperature dependence, which could be measured by the change of spin coherent time [47] . With this technique it is possible to noninvasively measure the local temperature in living cells at length scales as short as 200 nm [47] .
Moreover, the triplet ground state of the NV center will also be modified by the presence of external spins, which could be recorded as shift of the fluorescence spectral lines or perturbance of the spin echo or changing of the relaxation time of NV centers ( Figure Figure 8 ). For instance, the fast fluctuating external spins generate noise to the relaxation of NV centers, which could be measured as a signal using decoherence microscopy. The sensitivity of this technique is able to reach the ultimate limit down to the detection of a single paramagnetic ion [48] . Therefore, the NDs could serve as a nanoscale magnetometer that could be delivered into cells and living organisms for electron spin sensing. If a biomolecule is labeled with paramagnetic ions, it could be detected even with single molecular sensitivity [49] . More straightforwardly, this technique is particularly interesting for studying magnetic proteins, which contain paramagnetic ions natively with special functions, such as ferritin. As the major iron reservoir in living organisms, ferritin is a protein cage that could store around 4,500 Fe 3+ ions in one particle. Plasma ferritin concentration and the amount of iron inside ferritin is an important marker for many diseases such as anemia, hypothyroidism and celiac disease. The detection of ferritin with NDs is based on magnetic noise induced by the paramagnetic iron at the interior. When ferritins are absorbed on the surface of NDs, a significant reduction of both coherence (T 2 ) and relaxation time (T 1 ) could be obtained and the detection sensitivity is found to be able to reach the single molecule detection threshold [28, 50] (Figure Figure 10 ). Since NDs are also ideal carriers to deliver biomolecules of interest into cells and living organisms as discussed earlier, one could envision a nanoscopic electron spin sensor for detection of electron spin containing biomolecules in vitro and in vivo. Furthermore, the remarkable sensitivity paired with the noninvasive character of NDs may also provide access to quantum mechanical studies in living organisms, which may have potential to resolve important electron transfer process and radical pair dynamics in cellular environments [51] . Similar like sensing of electron spin, the magnetic field from a nuclear spin could also induce changes on the triplet ground state of NV centers thus being detected optically ( Figure Figure 8 ). However, a single nuclear magnetic moment is approximately 1,000 times weaker than an electron spin. To detect such weak signal, the nuclear spin needs to be brought into close proximity to the NV center (a few nanometers) to produce sufficient field in the order of microtesla. In addition, using high order of spin echoes, for example, generated by microwave, the coherence time of NV defects in the presence of nuclear spins can be improved by orders of magnitude [52] . By this way, the NV centers could have great potential for developing nanoscale nuclear magnetic resonance (NMR) spectroscopy ultimately with even single molecular sensitivity [53] . Recently, the detection of proton NMR in only 5 nm 3 volume of liquid sample was achieved by directly placing the sample on single NV centers implanted 2.5-10 nm below the diamond surface [54] . By constructing a microfluidic device on diamond, picoliter-scale sample could be easily applied to allow detection of the nuclear spin in solution with below 500 nm spatial resolution [55] Single nuclear spin inside solid sample with long coherence time, such as Si29 in quartz and nuclear spins associated with hydrogen bound to diamond interface, could also be detected within a few seconds measurement time if the solid sample is directly placed on diamond surface [56] . Although the successful experiments are still based on NV centers implanted inside bulk diamonds, the same strategy should also be able to realize nuclear spin detection with NDs. However, it is much more challenging to manipulate a single NV center in ND and attach the molecule of interest within a few nanometer distance from the NV center. In addition, currently only location and intensity of the nuclear spin could be determined by the NV-based NMR technique. For more useful applications, such as the elucidation of biomolecule structures, the spectral resolution should be further improved in order to detect dipolar couplings and chemical shifts. Several strategies might be helpful in this respect, such as the development of new measurement protocols similar to 2D NMR [57] , or new protocols to remove magnetic noise that are developed in the context of quantum computations (e.g., quantum error correction) [58].
Magnetic Resonance Imaging with Hyperpolarized NDs
Magnetic resonance imaging (MRI) is one of the most important diagnostic techniques allowing noninvasive imaging of tissue and organs inside the body. However, the sensitivity of MRI is only sufficient to detect large defects in tissue, which limits its applications for early diagnostic of important disease. This low sensitivity is partially related to low polarization of nuclear spins at low temperature. The electron spin native to the NV center can be initialized to a highly polarized quantum state by laser irradiation on microsecond timescale, which is known as hyperpolarization technique. This polarization can then be transferred to surrounding nuclear spins with the support of microwave radiation, thus to achieve hyperpolarized nuclear spins at room temperature [59] . This technique has emerged as a new approach for accessing highly sensitive MRI that might be sufficient for even single molecule detection [60] . The relaxation time of hyperpolarized NV centers in bulk diamond could reach hours. However, the polarization of diamond nanoparticles represents a more challenging task due to the more disordered orientation of NV centers. Advanced dynamic nuclear spin polarization protocols developed recently are able to address this problem [61] . With this method, it has been shown that the relaxation time of hyperpolarized NDs could also reach more than a minute, which is superior to any known MRI contrast agent. Furthermore, the polarization of NV centers can also be transferred to external nuclear spins if they are located close to the diamond surface [62] . Thus, by constructing flow channels with hyperpolarized diamond, the molecules in a tiny volume could be highly polarized, which might provide another mechanism for developing ultrasensitive NMR [63] .
Conclusions
In summary, ND as one of the most biocompatible nanoparticles provides great potential for a broad range of biological applications, including bioimaging, drug delivery and quantum sensing. Compared to other carbon nanomaterials, such as carbon nanotubes, NDs were found to be biocompatible in vitro and in vivo. Although the strong aggregation inside biological systems represents one of the main limitations of NDs, many coating strategies including polymer and silica coatings have been already developed to achieve highly stable NDs with even better biocompatibility. Functional molecules, such as protein, DNA and drug molecules, could be conjugated to NDs via both physical adsorption and covalent conjugation chemistries. Based on these preparation methods, NDs are ready to be flexibly tailored as multifunctional drug delivery carrier. A large variety of drug molecules have been delivered with NDs and shown increased therapeutic efficiency and reduced systematic toxicity in vitro and in vivo. Particularly, with the excellent fluorescence and electromagnetic properties, NDs offer unique potential for bioimaging and sensing with different optical and quantum approaches. The highly stable near-infrared fluorescence of NV centers inside NDs is essential for advanced high-resolution fluorescence imaging in cells and tissue. The special electron spin states of NV centers in NDs enable unlimited potential for developing nanoscale quantum sensors for detection of the tiniest changes of magnetic fields, external electron and magnetic spins as well as temperature under biological environment. These techniques might eventually allow detection and analysis of structure, dynamics and function of single biomolecule under native conditions with high sensitivity and nanometer spatial resolution. Hyperpolarization of NV centers also offered great opportunity to develop high-resolution MRI that might be able to reach molecular detection sensitivity. The combination of these bioimaging techniques with drug delivery capability of NDs would be promising for next-generation theranostics to allow sensitive multimode diagnostic together with targeted drug therapy within one nanoparticle.
It should be stressed that several challenges still need to be addressed before these highly promising techniques could be really brought into clinical benefit. Particularly for the auspicious electromagnetic quantum sensing, a variety of challenges still need to be overcome. For instance, ND sensors with single molecular detection sensitivity will be easily perturbed by even weak noise such as nuclear and electron spins, charges and radicals in random motion, which are intrinsically present in biological systems. Furthermore, the ND sensor is not stationary. The fast movement and rotation leads to randomization of the signals. Several theoretical solutions for these challenges have been already developed, but need to be further verified experimentally in biological environment, even though current studies have already established the fundamental basis of these quantum-sensing techniques, which are highly promising to be brought into the application level in the near future.
